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Compartmentalization of Calcium Extrusion
Mechanisms in the Outer and Inner Segments
of Photoreceptors
(OSs), the site of phototransduction, through cGMP-
gated channels and is cleared from the cytosol via an
Na1/K1, Ca21 exchanger (reviewed by McNaughton,
1990; Korenbrot, 1995). The predominant influx pathway
for Ca21 entry into ISs is through L-type voltage-gated
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channels (Corey et al., 1984; Barnes and Hille, 1989;
Rieke and Schwartz, 1996). However, virtually nothing
is known about how calcium is extruded from the innerSummary
segments and synaptic terminals of rods and cones.
One primary goal of this present study was to eluci-Differential localization of calcium channel subtypes
date how calcium is regulated and extruded from thein divergent regions of individual neurons strongly
ISs and synaptic terminals of photoreceptors. We testedsuggests that calcium signaling and regulation could
to see if an Na1/K1, Ca21 exchanger or a Ca-ATPase,be compartmentalized. Region-specific expression of
the other principal type of calcium extrusion, played acalcium extrusion transporters would serve also to
role in calcium clearance. We found no evidence for anpartition calcium regulation within single cells. Little
Na1/K1,Ca21 exchanger but found pharmacological andis known about selective localization of the calcium
immunocytochemical data supporting a principal roleextrusion transporters, nor has compartmentalized cal-
for a Ca-ATPase. These findings show conclusively thatcium regulation within single neurons been studied
calcium influx and clearance differ between the outerin detail. Sensory neurons provide an experimentally
segment and the inner segment/synaptic terminal re-tractable preparation to investigate this functional
gions and that there is a compartmentalization of [Ca21]icompartmentalization. We studied calcium regulation
in these sensory cells.in the outer segment (OS) and inner segment/synaptic
terminal (IS/ST) regions of rods and cones. We report
these areas can function as separate compartments. Results
Moreover, ionic, pharmacological, and immunolocal-
ization results show that a Ca-ATPase, but not the Enzymatically isolated salamander retinal photorecep-
Na1/K1, Ca21 exchanger found in the OSs, extrudes tors were plated onto coverslips and loaded with Fura
calcium from the IS/ST region. The compartmentaliza- 2±AM, a high affinity calcium indicator dye. We mea-
tion of calcium regulation in the photoreceptor outer sured the time courses of spatially averaged changes
and inner segments implies that transduction and syn- of [Ca21]i in rods and cones by integrating the ratiometric
aptic signaling can be independently controlled. Simi- signal from regions of interest inscribed around the inner
lar separation of calcium-dependent functions is likely edges of the ISs and/or OSs in the field of view.
to apply in many types of neuron.
An Na1/Ca21 Exchanger Extrudes Ca21
Introduction from the Outer but Not from the
Inner Segments
Several different processes and mechanisms are known The ISs and OSs differed in how they responded to
to regulate intracellular free calcium ([Ca21]i) in neurons manipulations known to alter Na1/Ca21 exchange. It has
(reviewed by Carafoli, 1991 and Pozzan et al., 1994). been demonstrated in earlier studies that Li1 and choline
[Ca21]i may be controlled regionally within individual cannot substitute for Na1 in activation of Na1/Ca21 ex-
neurons (Lipscombe et al., 1988; Yuste et al., 1994; Ka- change (Blaustein and Hodgkin, 1969; Yau and Nakatani,
valali et al., 1997); however, there is little data showing 1984). Also, high external potassium and low external
such compartmentalization or elucidating how calcium sodium can inhibit the exchanger and cause it to switch
could be differentially regulated in specific regions into a ªreverse mode,º i.e., to pump calcium into the
within a cell via localized influx and extrusion mecha- cell as opposed to extruding it (the ªforward modeº;
nisms. Sensory cells provide an advantageous prepara- Schnetkamp 1995). Figure 1A shows that [Ca21]i rose
tion to study the partitioning of calcium regulation be- rapidly in the IS and more slowly in the OS in response
cause the sensory transduction and synaptic signaling to KCl (90 mM, 2.1 min). Immediately following KCl, the
compartments are well differentiated structurally. Fur- rod was superfused with Li1 saline (in which all Na1 was
thermore, the roles of calcium are known to be very replaced by Li1). In LiCl, outer segment [Ca21]i remained
distinct in each region. Calcium regulation of transduc- elevated following KCl (Figure 1A), a result consistent
tion, which serves to control the gain (photoreceptors, with inhibition of the exchanger. In some cases, [Ca21]i
reviewed by McNaughton, 1990; hair cells, Lenzi and actually rose further upon LiCl substitution (Figure 1B),
Roberts, 1994; olfactory receptors, Kurahashi and Men- which suggests that the exchanger was reversed under
ini, 1997), differs from that in the output (synaptic) com- these conditions in this particular rod. Upon restoration
partments (Rieke and Schwartz, 1996). In vertebrate of normal extracellular Na1, the maintained high [Ca21]i
photoreceptors, calcium enters the outer segments in the OSs returned to baseline exponentially, with a
time constant of 3.0 s. The time constants for recovery of
[Ca21]i in OSs, upon switch to Na1-containing solution,*To whom correspondence should be addressed.
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Figure 1. Calcium Extrusion Is Regulated In-
dependently in Photoreceptor Inner and
Outer Segments
Simultaneous measurements were made of
the time courses of the spatially averaged
[Ca21]i in the IS and the OS of single rods.
(A) A switch from control saline (2 mM KCl)
to high KCl superfusate (90 mM KCl) raised
[Ca21]i in both segments. Immediately follow-
ing high KCl, the superfusate was switched
to Li1 saline (0 mM NaCl, 2 mM KCl, and 97
mM LiCl). The IS [Ca21]i returned to baseline
with a time course that was fitted with a single
exponential of t 5 29.9 s (upper trace). The
OS [Ca21]i remained at a plateau in LiCl saline;
it returned to baseline upon return to control
saline with t 5 3.0 s (lower trace).
(B) In another rod, control saline was replaced
with Li1 saline. [Ca21]i rose in the OS (lower
trace) but remained unchanged in the IS. KCl
elevated [Ca21]i in both segments; again, the
rise in the OS was slower. Upon switch to Li1,
[Ca21]i fell in the IS but rose further in the
OS, an action we attribute to reversal of the
Na1/K1, Ca21 exchanger. Upon return to con-
trol saline, [Ca21]i in the OS returned to
baseline.
[Ca21]i was calibrated for both of these cells
using ionomycin. Actual [Ca21]i was esti-
mated using Kd 5 224 nM.
averaged 3.9 6 0.4 s. This value is similar to the time and cones (n 5 9) tested. These observations rule out
the possibility that the increases in the OSs were causedcourses of Ca21 extrusion measured in toad rod OSs
by calcium influx into the ISs, via L-type calcium chan-(z2.5 s; Miller and Korenbrot, 1987), slower than the
nels expressed in the ISs, and subsequent diffusion tovalue reported for indo-1 dextran±loaded gecko rod OSs
the OSs. Taken together, these findings indicate that(z1.5 s; Gray-Keller and Detwiler, 1994), and between
calcium rises in the OSs were most likely attributablethe two slower time constants reported for Ca21 extru-
to reversal of the Na1/K1, Ca21 exchange in OSs, andsion from OSs in Fura 2±loaded salamander retinas
this exchanger was not functioning to extrude calcium(z1.5 and 7.0 s, respectively; McCarthy et al., 1996).
from ISs in control saline or after KCl-induced depolar-In contrast to the OS, [Ca21]i in the IS, upon switch to
izations.Li1, did not stay elevated but declined to baseline values
Images of Fura 2±AM ratiometric signals were re-with an exponential time constant of 29.9 s. The average
corded to determine the spatiotemporal changes intime constant for calcium clearance from ISs in Na1-
[Ca21]i in the photoreceptors. Figure 2 shows that infree Li1 saline was 34.2 6 2.7 s (n 5 4), comparable to
response to KCl, [Ca21]i rose and fell fastest in the synap-recovery in Na1-containing saline (39.9 6 4.0 s, n 5 15).
tic terminal, at the end of the long thin fiber emanatingThese data confirm that calcium extrusion in the OS is
from the spherical inner segment. [Ca21]i in the basalNa1 dependent and demonstrate that extrusion from
region of the IS rose next fastest and then [Ca21]i rosethe IS is Na1 independent.
in the apical IS region and the OS. Strikingly, these
To further investigate the involvement of Na1/K1, Ca21
sequential images show how [Ca21]i levels in the IS andexchange, we compared changes in the resting levels
OS of a single rod could move in opposite directions
of [Ca21]i in OSs and ISs in the presence or absence simultaneously. Switching to LiCl caused [Ca21]i to dropof extracellular Na1. Substitution of [Na1]o with [Li1]o in the synaptic terminal and IS but to rise even higher
increased resting [Ca21]i in rod OSs by 187 6 62.6 nM in the OS (Figure 2d). Upon return to control, [Ca21]i
(n 5 5). [Na1]o substitution did not significantly change dropped back to baseline in the OS (Figure 2e). By ma-
resting [Ca21]i of most rod inner segments (30/34 rods). nipulation of Na1/K1, Ca21 exchange, Figure 2 demon-
An example of this difference between ISs and OSs is strates again that [Ca21]i can be regulated independently
shown in Figure 1B. Here, LiCl elevated [Ca21]i in the in the ISs and OSs. This figure, and many similar ex-
OS but not the IS. periments not shown, also reveal that calcium changes
Compartmentalization of [Ca21]i homeostasis was occur faster in the synaptic terminal than in the IS,
also observed in experiments in which OSs and ISs were but calcium clearance from both regions is Na1 inde-
depolarized in the presence of nifedipine, a dihydropyri- pendent.
dine blocker of L-type voltage-gated calcium channels. Extrusion of Ca21 from outer segments of cone photo-
We found that KCl-induced increases of [Ca21]i in rod receptors also relies on Na1-dependent exchange (Na-
OSs were not preventedby high concentrations of nifed- katani and Yau, 1988). We were unable to measure
ipine (40 mM, n 5 3). Nifedipine (2±10 mM) did block the [Ca21]i signals in cone OSs because they were com-
monly lost during the isolation procedures (Maricq andKCl-evoked [Ca21]i increases in ISs of all rods (n 5 11)
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Figure 2. Spatiotemporal Dynamics of Calcium Changes in a Rod Photoreceptor
Sequential images of [Ca21]i changes were recorded from a Fura 2±loaded rod. Between (a) and (b), the rod was surperfused with high KCl.
The images in (b) and (c) were captured 3 and 21 s after KCl application, respectively. The image in (d) was captured 15 s after KCl was
replaced by LiCl. The image in (e) was captured 7 s after the return to control saline. These images show that KCl-evoked increases in [Ca21]i
occurred most rapidly in the synaptic terminal region and then in the basal region of the inner segment. In LiCl, the IS and synaptic terminal
returned to baseline while [Ca21]i in the OS rose, most notably at the tip. The pseudocolor scale representing the 256 gray levels of the 340/
380 ratios is shown on the bottom; red indicates the largest changes. Scale bar, 10 mm.
Korenbrot, 1988). As in the rods, we found that the rest- does not label sarcoplasmic/endoplasmic reticulum Ca-
ATPases (Adamo et al., 1992). Figure 3A shows heavying [Ca21]i and the time course of [Ca21]i recovery in
cone ISs were not significantly changed by replacing labeling of both plexiform layers in a vertical section of
the salamander retina. In addition to strong labeling of[Na1]o with [Li1]o or [choline]o. On average, following
short puffs of KCl in which [Ca21]i rose up to #1 mM, the outer plexiform layer, where the synaptic terminals
of rods and cones contact horizontal and bipolar den-the recovery time constants were 13.2 6 1.4 s (n 5 28)
for cones exposed in Na1-free saline and 11.1 6 0.6 s drites, less intense but pronounced labeling was ob-
served also in the basal regions of rod and cone inner(n 5 51) for cones measured in the control Na1-con-
taining saline. For the rods stimulated with similar brief segments. Figure 3Ba illustrates staining of an enzymati-
cally isolated cone. Again, the most prominent stainingpuffs of KCl, calcium transients recovered with time
constants of 18.9 6 1.0 s (n 5 46) in Na1-free saline, was observed in the synaptic terminal with punctate
staining in the inner segment and the ellipsoid. In controlnot significantly different from 19.1 6 0.9 s (n 5 51),
which was measured in the control Na1-containing solu- experiments, using only the secondary antibody, weak
staining in the ellipsoid region was also observed, indi-tion. The time constants of recovery were consistently
longer in rods than in cones (p , 0.0001). cating that the ellipsoid staining was probably nonspe-
cific (Figure 3Bb). PMCA antibodies displayed similarIn summary, these results indicate that separate mech-
anisms control calcium extrusion in rod ISs and synaptic staining patterns in both rods and cones.
terminals versus OSs: an Na1-dependent mechanism in
the OS and an Na1-independent mechanism in the IS
and synaptic terminals. Cone ISs also have an Na1- Calcium Is Extruded from ISs via Plasma
Membrane Ca-ATPaseindependent calcium extrusion mechanism.
The experiments below provide confirmatory evidence
for PMCA function in photoreceptor ISs.Plasma Membrane Ca-ATPase Is Immunolocalized
to Inner Segments Lanthanum
Extracellular La31 has been used to block PMCA-depen-Haase et al. (1990) showed in the bovine retina that a
monoclonal antibody against the Na1/K1, Ca21 ex- dent extrusion in several cell types (Milanick, 1990). This
action ispresumably mediated by increasing the steady-changer exclusively labeled rod outer segments. Their
antibody did not recognize cone OSs, nor did it label state level of the activated phosphoenzyme at its extra-
cellular site (Herscher and Rega, 1996). Figure 4A showsISs of either photoreceptor class. The lack of staining
in inner segments suggests Ca21 is extruded either via that [La31]o blocks Ca21 extrusion in photoreceptor ISs.
This rod was depolarized briefly by 1 s steps of KCl.a different Na1/Ca21 exchange protein or via a different
type of calcium extrusion mechanism. Our results, dem- [Ca21]i increased rapidly to z900 nM and decayed with a
time constant of 23.7 s. Immediately following a secondonstrated above (Figures 1 and 2), eliminate the first
possibility. We thus tested for presence of a plasma step of KCl, a switch to 1 mM La31 saline effectively
clamped [Ca21]i to an elevated plateau, preventing itsmembrane Ca-ATPase (PMCA) by labeling tissue sec-
tions and dissociated cells with an antibody that rec- recovery to baseline. After La31 washout, [Ca21]i de-
clined to baseline with a time constant of 50.7 s. Theognizes the ªhinge domainº of all PMCA isoforms but
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Figure 3. Antibodies to the Plasma Membrane Ca21-ATPase Are Localized to the Inner Segments and Synaptic Terminals of Photoreceptors
(A) Immunostaining of radially cut section of tiger salamander retina. Nomarski DIC image (a) and anti-PMCA immunofluorescence (b) of retinal
section are shown. The strongest labeling occurred at regions of synaptic contacts in the outer and inner plexiform layers. Photoreceptor
inner segments were also stained, albeit not as strongly. Scale bar, 40 mm.
(B) Example of an enzymatically dissociated cone labeled with a secondary antibody in the presence (a) and absence (b) of the primary PMCA
antibody. The cells in (a) and (b) were plated and stained in parallel on concanavalin A±coated dishes. Scale bar, 10 mm.
sustained [Ca21]i plateau produced by La31 was ob- 1982; Milanick, 1990; Trapp et al., 1996). This attribute of
the pump predicts that exchanger-mediated Ca21 effluxserved in 13 rods and 6 cones. The ability of La31 to
produce a plateau of high [Ca21]i following depolariza- would be accompanied by an acidification due to an
increase in the intracellular proton concentration. Totion-evoked increases in [Ca21]i is opposite to its ex-
pected action as a blocker of these voltage-dependent test this idea, we loaded cells with the pH indicator dye
BCECF-AM and evoked an increase in [Ca21]i with KCl.calcium channels (Reichling and MacDermott, 1991). A
parsimonious interpretation of these results is therefore Figure 4C shows the effects of depolarization on intra-
cellular pH in a cone. First, the cell was depolarized forthat La31 blocked the activity of the PMCA and thereby
inhibited calcium clearance. 2.4 min with 90 mM KCl in the absence of external Ca21;
no change in intracellular pH was detected. Next, a 3.2Calmodulin Blockers
Calmodulin is an allosteric effector of PMCA that acts min superfusion with high KCl in normal extracellular
[Ca21] acidified the cell by 0.13 pH units. The absenceto extend its activation into the physiological range of
[Ca21]i (Carafoli, 1991). Accordingly, calmodulin antago- of acidification in 0 Ca21 was seen in 6 of 6 cells. The
acidification seen in normal calcium averaged 20.09 6nists decrease the rate of pumping by blocking the cal-
modulin-binding site and decreasing the pump affinity 0.01 pH units for 10 cones and ranged from 20.05 to
20.18 pH units. We found that the acidification wasfor Ca21 (Gietzen et al., 1981). We found that superfusion
of rod and cone ISs with the membrane-permeable cal- blocked by 10 mM nifedipine (n 5 2; data not shown).
This confirms that the calcium influx that led to themodulin antagonists trifluoperazine (3±5 mM), calmida-
zolium (2±10 mM), and W-13 (1 mM) raised baseline acidification was through L-type Ca21 channels.
The KCl-induced acidification we observed did not[Ca21]i and prolonged the recovery from calcium loads.
In Figure 4B, brief puffs of KCl were periodically applied result from Ca21/H1 exchange between the cytoplasm
and the intracellular stores. As evidence, we found thatto a cone IS. Following exposure to 4 mM trifluoperazine,
each puffof KCl resulted in a new, higher plateau resem- exposure to 5 mM cyclopiazonic acid, an inhibitor of the
sarcoplasmic/endoplasmic Ca-ATPase, did not preventbling a staircase, suggesting that the cell was no longer
capable of clearing calcium from its cytoplasm. This the KCl-induced acidification (n 5 2; data not shown).
Additionally, no pH changes were observed when cho-same action of trifluoperazine was observed in 7 rods
and 4 cones. The staircase-like elevation following a line or Li1 was substituted for [Na1]o, indicating that
the acidification was not produced by a reversal of theseries of depolarizing steps was similar to that seen in
auditory hair cells of turtle following intracellular perfu- Na1/H1 exchanger (n 5 6; data not shown). Finally, an
analysis of the proton motive force indicates that thesion with 1 mM vanadate, an intracellular blocker of the
PMCA (Tucker and Fettiplace, 1995). We have observed KCl-induced acidification was not caused by passive
net influx of protons into the photoreceptor cytoplasm.that exposure to the calmodulin antagonists calmidazo-
lium at concentrations above 2 mM (n 5 14/14 cones, At the control extracellular pH of 7.6 and resting mem-
brane potential of 258 mV, the electrochemical equilib-9/11 rods) and W-13 (n 5 3 rods) (data not shown) often
resulted in increases in resting [Ca21]i, suggesting that rium for [H1] would be at pHi 5 6.60 (see Saarikoski et
al., 1997). Depolarization to 210 mV, which would bePMCA may be tonically active in dissociated photore-
ceptors. expected from 90 mM KCl, would shift the equilibrium
[H1]i to pH 5 7.43. Thus any passive H1 flow would beIntracellular pH
Ca-ATPase acts as an obligatory Ca21/nH1 exchanger outward and would alkalinize the cells, contrary to what
we observed.(where n 5 1 or 2) in a variety of cell types (Niggli et al.,
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extrusion mechanisms in the different regions of the
photoreceptors. By measuring calcium dynamics in ver-
tebrate rods, we demonstrated that calcium is cleared
from OSs through Na1/K1, Ca21 exchange, whereas cal-
cium clearance from ISs and synaptic terminals occurs
via the plasma membrane Ca-ATPase. Furthermore, by
means of independent manipulation of the two calcium
extrusion processes, it has been possible to reveal that
the IS and OS of single photoreceptors can function as
independent compartments.
Mechanisms that Compartmentalize Calcium
within Rods and Cones
The influx, extrusion, and restricted Ca21 diffusion all
contribute to its compartmentalization and differential
regulation between OSs and ISs. Under our experimen-
tal conditions, as in bright light, the cGMP-gated chan-
nels in rod OSs are closed; therefore, Ca21 would not
be expected to enter through these channels. We show
that by changing [K1]o and [Na1]o, the forward and re-
verse Ca21 transport by the Na1/K1, Ca21 exchanger in
the rod OSs can be manipulated separately from the
voltage-gated Ca21 channels and PMCAs in the ISs and
synaptic terminals. This result, concomitant with the fact
that ISs but not OSs possess a variety of voltage-depen-
dent conductances, predicts a functional uncoupling of
[Ca21]i between the sensory transduction and synaptic
compartments of the cell. Such an uncoupling would be
enhanced by the biophysical properties of Ca21 diffu-
sion. The range of Ca21 actions in most physiological
situations is highly restricted due to its small apparent
diffusion coefficient in cytosol (D ≈ 1027 cm2s21 for Ca21
versus D ≈ 1025 cm2s21 for Na1 and K1; Kushmerick and
Podolsky, 1969), a consequence of calcium binding to
immobile buffers and its sequestration into intracellular
compartments (Fain and Schroder, 1990; Allbritton et
al., 1992; Lagnado et al., 1992; see also McCarthy et al.,
1996). In contrast, the unidirectional flow of Na1 that
Figure 4. Calcium Is Extruded from Photoreceptor Inner Segments
presumably carries the circulating current that entersby a Ca-ATPase
the OSs and leaves the ISs in darkness (Hagins et al.,(A) The rod shown here was depolarized with sequential 1 s steps
1970) will be relatively unhindered with respect to Ca21of 90 mM KCl. The cell was perfused with La31-containing saline (1
fluxes. Compartmentalization of Ca21 is thus fundamen-mM) immediately following the second KCl step. After La31, the
superfusate was returned to control saline. That [Ca21]i remained tally different from that of free Na1 and K1.
elevated during La31 supports the idea that a Ca-ATPase is neces- The kinetic differences of calcium rise and clearance
sary for clearance of calcium following a calcium load. from synaptic terminals, basal regions, and apical re-
(B) The cone shown here was repeatedly stimulated by brief puffs
gions of the ISs were pronounced. The rates of rise andof KCl. Trifluoperazine (4 mM), a calmodulin antagonist, was added
fall of [Ca21]i in the synaptic terminals were generallyto the superfusate after the second KCl puff. Subsequent transient
severalfold faster than in the basal and apical ISs. Thiscalcium increases to KCl declined, and the resting [Ca21]i rose in a
step-like manner after each puff. may reflect the need for faster Ca21 regulation required
(C) Effects of KCl on intracellular pH in a cone. The cell was loaded for synaptic function. We were unable to quantitate
with 5 mM BCECF-AM and then stimulated with two sequential steps [Ca21]i changes in synaptic terminals at the 100 ms timeof KCl. The first step was applied in control superfusate containing
scale expected from the cone light response (Schnapf0 Ca/3 mM EGTA. There was no effect on baseline pH. A subsequent
and Copenhagen, 1982), owing to the limitations in theexposure to 90 mM KCl in control saline resulted in an acidification.
temporal resolution (1 Hz) of the imaging system. ThepH changes were calibrated using nigericin.
time constants for extrusion of Ca21 from inner seg-
ments of rods and cones are similar to those reported
for two other neurons specialized for tonic release, theDiscussion
bipolar cell (Tachibana et al., 1993) as well as the slow
component of PMCA-dependent Ca21 extrusion in turtleHere, we report a compartmentalization of calcium regu-
lation mechanisms in a sensory neuron. Not only are hair cells (z10 s; Tucker and Fettiplace, 1995).Such slow
decay of residual [Ca21]i may regulate an adaptationalthe calcium influx pathways different (McNaughton,
1990), but there is a polarized expression of calcium process with a time constant of 10±30 s.
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their synaptic terminals, and their outer segments. Coverslips con-Depolarization increased calcium in both rod and
taining Fura 2±loaded cells were superfused continually with thecone ISs lacking synaptic terminals. We thus hypothe-
amphibian saline solution, containing (in mM) 97 NaCl, 2 KCl, 2size that the voltage-dependent calcium channels medi-
CaCl2, 2 MgCl2, 10 HEPES, 20 glucose, 1 pyruvic acid, 0.3 ascorbicating influx are not localized to synaptic terminals but acid, and 1 glutathione at 240 mOsm. pH was adjusted to 7.6 with
are expressed in ISs as well, as has been also shown NaOH or KOH. In Na1-free solutions, Na1 was substituted by equi-
osmolar amounts of Li1, N-methyl-D-glucamine, or choline, whereasto be the case for retinal bipolar cells (Heidelberger and
in high K1 solutions, Na1 was replaced by appropriate amounts ofMatthews, 1992).
K1. The recording chamber was superfused through a multibarrel
quartz tube system controlled by electromagnetic valves, which
permitted exchange of solutions within several hundred milli-PMCA-Mediated Calcium Extrusion Is Well Suited
seconds.for Signaling under Light-Adapted Conditions
Light responses are reliably signaled to postsynaptic
Chemicalsneurons over a range of background illumination that
Calmidazolium (both from Sigma, St. Louis, MO), W-13, cyclopia-spans several orders of magnitude. At any level of back-
zonic acid, W-13, and trifluoperazine (RBI, Natick, MA) were dis-
ground light, [Ca21]i in ISs and synaptic terminals would solved in DMSO. Dilutions weremade fresh with final concentrations
be determined by the balanceof influx, primarily through of DMSO of ,0.001%. In several experiments in which DMSO-solu-
the L-type calcium channels, and extrusion via the ble drugs were used, equal amounts of DMSO were added to the
control salines to rule out potential artifactual effects of DMSO.PMCA. In brighter backgrounds, light-evoked hyperpo-
larizations as small as 10±50 mV are reliably signaled to
[Ca21] Measurement and Calibrationpostsynaptic cells (Fain et al., 1977; Copenhagen et al.,
Photoreceptors were loaded with 3±5 mM Fura 2±AM supplemented1990). Under these conditions, [Ca21]i would be reduced with 10% Pluronic F-127 for 7 min in L-15 solution (all from Molecular
to well below 100 nM, which is close to the Michaelis Probes, Eugene, OR) and washed for 20 min. The concentration of
constant of PMCAs but is 10±20 times lower than the Fura 2±AM in loaded photoreceptors was estimated to be 40±70 mM
Michaelis constant for the Na1/K1, Ca21 exchangers using filled 20 mm path-length microcapillaries (#5002, Vitrocom,
Mountain Lakes, NJ). Autofluorescence in unloaded cells was notmeasured in rod outer segments (Chambers et al., 1990;
detectable; addition of 10 mM Mn21 to cells depolarized by 60 mMCarafoli, 1991; Lagnado et al., 1992; Schnetkamp, 1995).
KCl quenched both 340 nm and 380 nmfluorescence by 90%±100%,Therefore, the higher affinity PMCA appears well suited
indicating that compartmentalization of the dye into intracellular
to the signaling needs at the photoreceptor output at organelles under our experimental conditions is negligible. A few
low calcium levels. experiments were duplicated using the low affinity mag±Fura 5 dye
with similar results. Ratios were calculated after subtraction of the
background fluorescence, and Ca21 levels were calibrated in vivo
The Separation of Calcium Homeostatic Apparati over regions of interest using the equation:
Allows for Differential Regulation of Ca21
[Ca21]i 5 Kd (R 2 Rmin)/(Rmax 2 R)S380b/S340u ,Influx and Extrusion in Inner
and Outer Segments in which R is the measured ratio, S380b/S340u are the extremes of
At least two signal transduction mechanisms found in calcium-bound and calcium-free Fura 2±AM at 380 nm and 340 nm,
the IS are absent from the OS: the calcium/calmodulin- respectively, and Kd is the Fura 2±AM dissociation constant for Ca21
(224 nM). Since we did not directly determine the Kd, our calibrateddependent nitric oxide synthase/guanylate cyclase cas-
values should be considered as estimates. Any error in our Kd esti-cade (Koch et al., 1994) and the D2/D4 dopamine re-
mate would involve only a difference in scale and would not affectceptor linked to a cAMP cascade (Iuvone et al., 1990;
the interpretation of the results. Rmin, Rmax, and S380b/S340u were deter-Muresan and Besharse, 1993). Indeed, second messen- mined by addition of 10 mM ionomycin to the Ca21-free (0 Ca/3 mM
gers, such as cAMP, can modulate the affinity and Vmax EGTA) superfusate and to the saturating Ca21 (10 mM) solution,
of the PMCA (Carafoli, 1991). Our results also suggest respectively. Rmin was 0.43 6 0.01, Rmax 8.39 6 0.67, and S380b/S340u
8.28 6 0.78. Under the conditions of our experiments, all cGMP-that the activity of the PMCA itself may affect synaptic
gated channels in OSs should be closed. Using Kd 5 224 nM, wetransmission at the photoreceptor synapse via an acidi-
estimate that under these light-adapted conditions [Ca21]i averagesfication associated with Ca21 extrusion. Since protons
26 6 3 nM (cone ISs, n 5 44), 51 6 4 nM (rod ISs, n 5 49), and
can act directly on L-type calcium currents (Dixon et al., 62 6 23 nM (rod OSs, n 5 7).
1993), this property of the pump may result inmodulation
of the release of the synaptic transmitter (Barnes et al., [H1]i Measurement and Calibration
1993). Cells were incubated in 5 mM BCECF-AM (Molecular Probes) for 20
min and washed in L-15 for 30 min. Excitation light was 490 (10) nmThus, the possibility of differential regulation of cal-
and 440 (10) nm. Calibration was performed with 50 mM nigericincium and the need for a high affinity extrusion mecha-
(Molecular Probes) in 90 mM KCl as described before (Dixon et al.,nism in inner segments argue for the advantage and
1993).
need for PMCA in this compartment.
Image Acquisition
Excitation light was emitted from a 75 W xenon arc lamp passingExperimental Procedures
through 340 (10) nm and 380 (10) nm bandpass filters (Chroma,
Battleboro, VT) mounted in a filter wheel (Lambda-10, Sutter Instru-Preparation of Isolated Cells
Neotenic tiger salamanders (Ambystoma tigrinum) weredecapitated ments, Novato, CA) and delivered via a scrambler (Technical Video,
Woods Hole,MA) to an inverted microscope. Adichroic mirror (Nikonand pithed. Retinas were dissected from the eyecup at room temper-
ature (208C±228C) and in room light, incubated on a shaker in 0 Ca/ DM400) was used together with a water immersion 403 objective
(Nikon Fluor, NA 0.85) or an oil immersion 1003 objective (Nikonpapain (7 U/ml) saline for 25 min and triturated with a BSA-coated
flame-constricted pipette. In some experiments, cells were isolated Fluor NA 1.4). The acquired fluorescence signals were integrated
on chip by a cooled 12 bit digital CCD camera (PXL, Photometrics,mechanically without papain. All photoreceptors were clearly identi-
fiable as rods or cones by the characteristic shape of their ellipsoid, Tucson, AZ). Image acquisition, background subtraction, and ratio
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measurements were controlled by Metafluor software (Universal Im- adenosinetriphosphatase from bovine retina. Exp. Eye Res. 50,
127±134.aging, West Chester, PA).
Copenhagen, D.R., HemilaÈ , S., and Reuter, T. (1990). Signal trans-
mission through the dark adapted retina of the toad (Bufo marinus).Data Analysis
J. Gen. Physiol. 95, 717±732.Data analysis and curve fitting were performed with Igor Pro 3.03
software (WaveMetrics, Lake Oswego, OR) on a Macintosh com- Corey, D.P., Dubinsky, J.M., and Schwartz, E.A. (1984). The calcium
puter. Data are expressedas mean 6 SEM. Images and photographs current in inner segments of rods from the salamander (Ambystoma
were prepared with Adobe Photoshop 3.0. tigrinum) retina. J. Physiol. 354, 557±575.
Dixon, D.B., Takahashi, K., and Copenhagen, D.R. (1993). L-gluta-
Immunocytochemistry mate suppresses HVA calcium current in catfish horizontal cells by
Isolated Cells raising intracellular proton concentration. Neuron 11, 267±277.
Dissociated cells were washed in phosphate buffered saline (PBS Fain, G.L., and Schroder, W.H. (1990). Light-induced calcium release
[pH 5 7.4]), fixed in 4% (w/v) paraformaldehyde for 30 min at room and re-uptake in toad rods. J. Neurosci. 10, 2238±2249.
temperature, and permeabilized by 0.1% (v/v) Triton X-100. After Fain, G.L., Granda, A.M., and Maxwell, J.H. (1977). Voltage signal
three rinses in PBS, cells were incubated with a blocking solution of photoreceptors at visual threshold. Nature 265, 181±183.
(10% [w/v] mouse serum in PBS) and exposed for 2 hr to the primary
Gietzen, K., Wuthrich, A., and Bader, H. (1981). R 24571: a newanti-PMCA antibody (1:100, clone number 5F10, Sigma Immuno-
powerful inhibitor of red blood cell Ca21-transport ATPase and ofchemicals) supplemented with 1% (w/v) goat serum. This was fol-
calmodulin-regulated functions. Biochem. Biophys. Res. Commun.lowed by rinsing in PBS and incubation with the secondary goat anti-
101, 418±425.
mouse antibody (1:2000, Cy3-conjugated goat anti-mouse; Jackson
Gray-Keller, M.P., and Detwiler, P.B. (1994). The calcium feedbackImmunoResearch, West Grove, PA) for 1.5 hr at room temperature.
signal in the phototransduction cascade of vertebrate rods. NeuronAfter the final rinse in PBS and distilled water, the cells were
13, 849±861.mounted in DABCO/Gelvatol (DuPont) and photographed using the
Haase, W., Friese, W., Gordon, R.D., Muller, H., and Cook, N.J.1003 oil immersion objective (Nikon) and DeltaVisionsoftware (Seat-
(1990). Immunological characterization and localization of thetle, WA). Parallel coverslips were processed in an identical way
Na1,Ca21-exchanger in bovine retina. J. Neurosci. 10, 1486±1494.without being exposed to the primary antibody.
Slices Hagins, W.A., Penn, R.D., and Yoshikami, S. (1970). Dark current
Salamander eyecups were immersion fixed at room temperature in and photocurrent in rods. Biophys. J. 10, 380±412.
4% paraformaldehyde and washed in PBS containing 0.02% sodium Heidelberger, R., and Matthews, G. (1992). Calcium influx and cal-
azide. The retinae were dissected out and cryoprotected in a series cium current in single synaptic terminals of goldfish retinal bipolar
of 10% (w/v) and20% (w/v) sucrose in PBS, followed by an overnight neurons. J. Physiol. 447, 235±256.
incubation in 30% (w/v) sucrose inPBS. Vertical sections were prein- Herscher, C.J., and Rega, A.F. (1996). Pre±steady-state kinetic study
cubated with a 10% (w/v) normal goat serum, 1% (w/v) bovine serum of the mechanism of inhibition of the plasma membrane Ca21-
albumin, 0.5% (v/v) Triton X-100 in PBS for 1 hr at room temperature ATPase by lanthanum. Biochemistry 35, 14917±14922.
and incubated overnight in the primary anti-PMCA antibody (1:50). Iuvone, P.M., Avendano, G., Butler, B.J., and Adler, R. (1990). Cyclic-
Following a wash in PBS, the slices were incubated for 1 hr in AMP±dependent induction of serotonin N-acetyltransferase activity
goat anti-mouse IgG conjugated to Cy3 (1:1000) for 1 hr at room in photoreceptor-enriched chick retinal cell cultures: characteriza-
temperature. tion and inhibition by dopamine. J. Neurochem. 55, 673±682.
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